Since CREMER'S [1] first observation of the fetal electrocardiogram (FECG) there have been many attempts at using the FECG to characterize the well being of the fetus during labor, particularly with regard to the degree of acidosis that may exist within the fetus. To do so in a meaningful manner, requires a well resolved FECG waveform in which the P, QRS and T wave components are clearly defined. The FECG is usually obtained from a simple scalp electrode used in conjunction with an indifferent electrode. The waveform is immersed in low frequency biological noise arising from nerve responses and muscle movements. Noise is compounded with artifacts (brought about by maternal or fetal movement), maternal ECG signals, mains 50 Hz pick up, polarization effects at the electrode-scalp interface and fetal EEG signals. Figure 1 within the FECG waveform. A moving window averaging process has been used by RHYNE [3] to recover the FECG from noise. He employed an algorithmic process, operating upon dedicated hardware. SCOTT [4] went on to show that the algorithm used by RHYNE was in essence a recursive digital filter. Work by SHEILD and KIRK [5] went on to apply the techniques of digital filtering to the recovery, during labor, of the FECG from noise. Optimized digital filters, matched to the frequency spectrum of the FECG waveform, were defined in this previous work [5] . In the current study similar
Since CREMER'S [1] first observation of the fetal electrocardiogram (FECG) there have been many attempts at using the FECG to characterize the well being of the fetus during labor, particularly with regard to the degree of acidosis that may exist within the fetus. To do so in a meaningful manner, requires a well resolved FECG waveform in which the P, QRS and T wave components are clearly defined. The FECG is usually obtained from a simple scalp electrode used in conjunction with an indifferent electrode. The waveform is immersed in low frequency biological noise arising from nerve responses and muscle movements. Noise is compounded with artifacts (brought about by maternal or fetal movement), maternal ECG signals, mains 50 Hz pick up, polarization effects at the electrode-scalp interface and fetal EEG signals. Figure 1 presents a characteristic signal obtained from a conventional scalp electrode. The QRS component is the only clearly resolved component of the FECG waveform. In the past, various techniques have been used to enhance or recover the FECG from noise. The technique of computing of averaged transients was used by HON and HESS [2] in order to improve the signal-to-noise ratio of the FECG waveform. However, this form of enhancement procedure also suppresses the effects of any short term transient phenomena occurring within the FECG waveform. A moving window averaging process has been used by RHYNE [3] to recover the FECG from noise. He employed an algorithmic process, operating upon dedicated hardware. SCOTT [4] went on to show that the algorithm used by RHYNE was in essence a recursive digital filter. Work by SHEILD and KIRK [5] went on to apply the techniques of digital filtering to the recovery, during labor, of the FECG from noise. Optimized digital filters, matched to the frequency spectrum of the FECG waveform, were defined in this previous work [5] . In the current study similar digital filters have been implemented upon a DEC 11-23 processor and hard disk system. 
Processing of the FECG waveform recovered from noise
As stated, the FECG waveform that had been recovered from noise, was processed by a software measurement routine at intervals of 15 seconds. This ensured adequate time resolution of changes occurring during labor. Search ranges were defined for each wave component of the FECG. Within these ranges, a point having maximum or minimum amplitude is temporarily defined as the peak of a particular wave component. The P, Q, R, S and T waves are identified in this manner. Table I identifies the limits of the search ranges utilized in the processing software.
A linear model of the FECG was then formed by software (figure 3). A series of linear elements was constructed through the sampled Note the R search is relative to start of the buffer containing the digitized FECG waveform. Subsequent searches arc relative to this R wave location.
points forming the FECG waveform. The technique of linear regression was then used to obtain the best fit between the linear model and the FECG waveform. Then, for a given FECG Signal-to-noise ratio 6 P-R P (peak) to R (peak) 7 P(D) P duration -P (onset) to P (term.) 8 P(A) P area 9 Q'-R Q (onset) to R (peak) 10 Q-R Q (peak) to R (peak) 11 R-S R (peak) to S (term.) 12 R-S' R (peak) to S (term.) 13 R-T R (peak) to T (peak) 14 T(D)
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ST segment elevation 18 R/S R-to-S ratio wave component a line having maximum positive, or negative gradient was taken to represent the rising or falling edge of that wave component. Intersections of these edges gave peak or minima locations. To find the onset and termination of P and T waves, the optimized series of straight lines was employed. From these sets of lines, those lines having the maximum value of gradient opposite in sign to that of their neighboring falling or rising wave edge, were taken to represent the base lines either side of the wave component. The intersection of the base lines with the rising and falling edges gave the wave boundary. The base line sections associated with P onset and S wave termination were found in a similar manner. Using the linear model, the FECG time intervals of table II were calculated. The signal strength was derived from the amplitude of the QRS complex by the relationship:
noise is relatively noise free whilst the unprocessed waveform consists of signal plus noise. An indication of the noise level was calculated as the difference between the two:
where Y e (i) is the i'th element of the FECG waveform recovered from noise and Y r (i) is the ith element of the raw unprocessed waveform.
The following amplitudes and areas of the wave components were also evaluated by the system.
Ρ and Τ wave area P(A), T(A):
The area under the Ρ and Τ waves was defined as the area enclosed between the wave and its base line. Limits of evaluation were set by the onset and termination of the wave. The base line on the wave was the mean of a short section of the FECG just before the onset of the wave and another section just after the termination of the wave. Areas were defined thus: 
SIGNAL = (R -S)/2 or SIGNAL = (R -Q)/2 (1) whichever is the greater and where R, S and Q are the amplitude values of the wave components. The FECG waveform recovered from where A is a point 30 ms before the onset of the wave component and B is a point 14 ms after the termination of the wave component. The isoelectric line was defined as the mean value of a short section of the FECG baseline just before the Q wave onset.
Height of T wave T(H):
T wave height was computed as the height of the T wave peak above the base line, expressed as a fraction of the R wave height. The value used for the T wave peak is the mean of a short section of the 
Base = amplitude of T wave base line, as defined previously R h = height of R wave over the isoelectric line Peak = amplitude of T wave peak, calculated as follows:
where A is a point 8 ms before the Τ wave peak.
S-T elevation ST(E):
The S-T segment is a section of the FECG base line between the S wave termination and the T wave onset. The relative height of this segment over the isoelectric line, expressed as a proportion of the R wave height is the S-T elevation.
ST(E) = (ST -ISO) χ
where, 1000
R h = height of R wave over isoelectric line ST = amplitude of ST segment calculated as follows:
where, A is a point 16 ms after the S wave termination ISO = location of isoelectric line calculated as follows:
where Β is a point 40 ms before the Q wave onset.
R-to-S wave ratio (R/S):
The R/S wave ratio is the R wave height divided by the S wave height. These heights are measured relative to the isoelectric line:
where R and S are amplitude values of the wave peaks.
ISO = location of isoelectric line, as defined previously.
The amplitude measurements were in arbitrary units scaled to give a convenient range. Where applicable a conversion factor would allow absolute voltage values to be calculated. The parameters expressed as a proportion of the R wave height were scaled so that the R wave height was equivalent to 1000 units.
At all stages throughout the enhancement and measuring routines, software checks were provided to ensure the validity of the results. These checked for and removed artifacts generated by fetal or maternal movement.
Presentation of the large amounts of data in a format that could be readily understood, dictated the use of graphics. An Apple II microcomputer was programmed to act as an intelligent graphics terminal. This was achieved by the use of a machine code-interrupt driven routine, activated each time new data was received from the DEC computer. The routine permitted the selection of a number of alternative displays of information. The graphical displays displayed by the machine were of two forms:
(a) The presentation of an enhanced FECG waveform with markers indicating the timing points located by the measurement routine (figure 4). Also included on this display were numerical values for six user selectable parameters. (b) Selection of any one of the 18 measured parameters of the FECG for a display that showed the long term variations of a selected parameter over a 12 hour period ( figure 5 ). This was combined with a display of the short term variations over a 30 minute period with the location of contractions as a reference marker (figure 5). The enhanced FECG with measurement markers permitted the clinician to monitor the signal recovery and measurement processes. Variations in the shape of the FECG waveform and other more subtle attributes could be readily observed. The program also offered other facilities including selection of a command reference page and the storing of data on a floppy disc either when instructed by the user or automatically at the end of labor.
Retrospective analysis and hard copy was also obtainable from the DEC system. The labor profiles of any four selected parameters could be printed out along with IUP for the duration of the whole labor. The leader for the hard copy identified the data file number and the sampling interval of the measurements.
It was also possible to generate a numerical examination of the computed parameters. Data compression was achieved by calculating the mean and standard deviation of each parameter at selected intervals during the course of labor. These intervals were user selectable between 1 and 60 minutes.
Conclusions
A system capable of enhancing and processing the fetal electrocardiogram routinely, during labor, has been developed and made operational within a labor suite environment. The system operates through software running upon DEC 11-23 hardware. The equipment has been utilized by clinicians for some two years, and is establishing a base of clinical data from which patterns of behavior for both healthy and acidotic fetuses will be derived.
Summary
In order to routinely monitor the fetal electrocardiogram (FECG), during labor, in an on-line real-time situation, the following processes need to be undertaken:
1. The FECG signal must be recovered from noise. 2. The recovered signal or waveform must be measured with a high degree of precision in order to generate the timing intervals, areas and parameters that are of interest to the clinician. 3. The FECG and measured parameters must be presented to the clinician in a meaningful and simple format. 4. Control of the machine and its processing should be a user friendly operation.
In the current work, a system is described that uses digital filtering to recover the FECG waveform from low frequency biological noise and associated artifacts. 4. II faut quc le controle de la machine et son utilisation soient des operations <f usage convivial. Dans le travail actuel, on decrit un Systeme utilisant un filtrage digital afin de recuperer le trace du FECG au milieu du bruit de fond biologique de basse frequence et des artefacts associes. On utilise un modele lineaire du trac6 du FECG pour revaluation de quelqucs 18 intervalles differents sur le FECG. Le trace ameliore et les parametres qui en d6ri-vent sont affichos par une imprimante intelligente afin de dormer au Systeme une convivialite pour les cliniciens.
Mots-cles: felectrocardiographie, ordinateur en temps reell, surveillance intra-partale.
